BACKGROUND: This is a cross-sectional observational study to investigate the safety and feasibility of integrating changing body positions and physical activity in a hypoxic challenge test (HCT). The secondary objective was to compare oxygen saturation (S p O 2 ) in two diff erent locations (forehead and fi nger).
C
ommercial aircraft s cruising at altitude expose passengers to a low ambient cabin pressure comparable to an altitude between 5000 ft and 8000 ft (1524 m and 2438 m) above sea level. 1 , 2 On ascent the partial pressure of oxygen (P o 2 ) declines in an exponential fashion and causes hypobaric hypoxia. 1 Following the Code of Federal Regulations, pressurized cabins must be equipped to provide a cabin pressure altitude of not more than 8000 ft (2438 m) at the maximum operating altitude of the airplane under normal operating conditions. 3 At this maximum operating altitude of 8000 ft , P o 2 is equivalent to 15.1% of the ambient oxygen available at sea level. 1 , 4 Th e decline in partial pressure of oxygen is also applicable to mountain stays. Th e higher one gets, the lower the partial pressure of oxygen becomes. 1 Hypobaric hypoxia at altitude can lead to signifi cant oxygen desaturation in arterial blood in healthy children and adolescents as the partial pressure of oxygen decreases with increasing altitude. 5 , 6 However, healthy children and adolescents can normally compensate for altitude hypoxemia by increasing minute ventilation and cardiac output. Accordingly, mountain stays and traveling by airplane is safe and comfortable for most healthy children and adolescents. Children and adolescents with congenital heart or lung disease are likely to be more vulnerable to a low partial pressure of oxygen because the compensatory response to acute altitude hypoxemia is limited. their minute ventilation or cardiac output. Th ese subjects may develop signs related to hypoxia such as: breathlessness, dizziness, headache, nausea, palpitations, listlessness, fatigue, insomnia, blurred vision/tunnel vision, hot and cold fl ashes, tingling, numbness, hyperventilation, tachycardia, cyanosis, mental confusion, loss of muscle coordination, breathing pattern seizures, and unconsciousness. 7 , 8 Th e clinical importance of hypoxemia for a short period is unclear.
To prevent respiratory symptoms during fl ight, patients with congenital heart or lung disease should have a prefl ight evaluation. A hypoxic challenge test (HCT) is oft en used to determine the need for in-fl ight oxygen. Th e maximum cabin altitude (8000 ft /2438 m) is simulated with a gas mixture containing 15% oxygen in nitrogen; patients are asked to breathe this gas mixture for 20 min. Supplemental in-fl ight oxygen is recommended by the British Th oracic Society if P a o 2 falls below 6.6 kPa or S p o 2 falls below 85%. 1 , 9 Th e HCT is usually performed sitting in resting conditions. However, the possible eff ects of changing body position and physical activity at altitude may also be relevant. Especially during long fl ights children will not sit still during the entire journey. Moreover, to prevent deep vein thrombosis, it is advised to exercise regularly during air travel. 2 , 10 , 11 Th is is particularly important for patients with congenital heart disease because they have erythrocytosis as a response to hypoxemia, intended to increase their oxygen carrying capacity. Th is leads to higher blood viscosity, which increases the risk of thrombosis. 12 Kobbernagel et al. recently performed a hypoxic challenge test (breathing 15% oxygen in nitrogen) on healthy children in seated, supine, and standing positions and during mild exercise. Th ere was no signifi cant diff erence in peripheral blood oxygen desaturation between the diff erent body positions in healthy children, but mild exercise leads to signifi cant further desaturation 11 . To our knowledge, such studies have not been performed in children and adolescents with congenital heart or lung disease. Only in one study was the eff ect of exercise at altitude in patients with cystic fi brosis examined. A signifi cantly higher risk for hypoxemia during exercise was reported in this group. 13 To our knowledge previous studies about the eff ect of exercise at altitude in patients with congenital heart disease are absent.
For this reason more research about the eff ect of exercise on altitude hypoxia in patients with congenital heart or lung disease is required. If exercise at altitude leads to signifi cantly more desaturation in children and adolescents with congenital heart and lung disease, the question is whether physical activity should be integrated into the HCT as prefl ight evaluation. Moreover, these might give more information about the cardiorespiratory reserves of the child or adolescent.
Th e primary aim of this current pilot study is to investigate the feasibility of integrating changing body positions and physical activity in the HCT at a simulated altitude of 8202 ft (2500 m) above sea level as prefl ight/mountain evaluation for children and adolescents with congenital heart or lung disease. Th e secondary aim is to monitor oxygen saturation (S p o 2 ) at rest, during changing body positions, and during mild exercise using a pulse oximeter attached to two diff erent locations, namely the index fi nger and forehead. Th ese values will be compared to the baseline values (sea level).
METHODS

Subjects
Th e subjects consisted of a convenience sample of children and adolescents with congenital heart or lung disease between 8 and 18 yr of age and able to perform moderate exercise (treadmill walking). Exclusion criteria were FEV 1 below 70% predicted or S p o 2 at rest in room air below 90%. Th e study was approved by the Medical Ethics Committee of the University Medical Centre Utrecht. Informed written consent was obtained from the patients and their parents. Th e study was performed between April and October 2015.
Procedure
An HCT was performed using the Hypoxico Everest Summit II Altitude Generator (BLM Altitude, Hoofddorp, the Netherlands) at simulated altitude of 8202 ft (2500 m). During the HCT the subjects breathed a gas mixture of 15% oxygen in 85% nitrogen, equivalent to the partial pressure of oxygen in the aircraft cabin at 2500 m. Subjects were connected to the generator through a tight-fi tting facemask with a two-way nonrebreathing valve system. Th e HCT consisted of six activities, performed as follows: fi rst breathing room air (10 min), followed by breathing a gas mixture of 15% oxygen in 85% nitrogen while sitting in an airline seat (MartinAir StarClass, Schiphol-Rijk, Netherlands ) and watching a DVD or Youtube movie on a wide screen (15 min), lying supine (10 min), standing (5 min), and while walking on a treadmill (Lode Valliant, Lode BV, Groningen, the Netherlands) at 3 km/h (5 min) and at 5 km/h (5 min). During the HCT the subjects were monitored: S p o 2 and heart rate (HR) were measured continuously using a pulse oxygen saturation meter (Masimo Rad 8 clinical pulse oximeter; Masimo BV, Tilburg, the Netherlands) attached to the index fi nger and at the forehead of each subject. Th e forehead probe was secured with a head strap.
Th e primary main study parameter of this pilot study was the feasibility of integrating changing body positions and mild physical exercise with the HCT. Feasibility was defi ned as successful run through of the measurements in 75% of the subjects. Th e secondary main study parameters were S p o 2 and HR during modifi ed HCT compared with resting conditions at sea level.
Each activity in the protocol was timed and measurements during the transition to a subsequent activity were excluded. Th e median S p o 2 value and HR in the last 2 min of each activity and the nadir value of S p o 2 during an activity were identifi ed. Th e last 2 min of each activity of the modifi ed HCT was regarded as representative of a stable response to the hypoxic exposure. Th e percentage of the total time in each period where S p o 2 fell below 90% was reported. Measurements during poor signal quality of the oximeter were excluded if the S p o 2 value deviated more than 2% from the last properly measured preceding value. If more than 50% of the measurements during an activity were excluded because of poor signal quality, the total time where S p o 2 fell below 90% was not reported for this activity.
Statistical Analysis
Results are reported as mean 6 SD or median (range). Analyses were performed using statistical soft ware (SPSS 20). Two-tailed P -values of , 0.05 were considered to be statistically significant. Hypothesis testing was done using paired sample testing and one way ANOVA. Th ese data will be used for the design of a larger future study.
RESULTS
Th ere were 12 patients (7 male), between 8 yr and 18 yr (median 14 yr), who participated in this study. Median (range) FEV 1 was 85.5 (71-106) % of predicted. Among the patients 5 were diagnosed with cystic fi brosis, 2 with Fontan circulation, 3 with tetralogy of Fallot (ToF), 1 with ventricular septum defect (VSD) and 1 with bicuspid aortic valve (BAV) and coarctation of the aorta (CoA). See Table I for the baseline characteristics.
All patients, except one, passed through the HCT successfully and reported that the test was feasible. One patient stopped the HCT during walking at 3 km/h because of a headache. Most patients ( N 5 9) did not report any symptoms during the HCT. However, one patient reported headache, which was already present at the start of the test, but became worse during exercise breathing 15% oxygen. A second patient did also report headache during exercise breathing 15% oxygen, after which the HCT was ended. Another patient reported dizziness during mild exercise breathing 15% oxygen. The dizziness became less after finishing the test.
Patients were monitored using a pulse oximeter attached to the index fi nger and at the forehead. In eight patients some data on S p o 2 and HR during one or more periods were excluded because of a poor signal quality using the fi nger or forehead pulse oximeter; there was no signifi cant diff erence between these two sites. In only one patient were more than 50% of the measurements of one activity excluded. Overall, the pulse oximeter attached to the forehead registered significantly higher saturations (median and minimum values) than the pulse oximeter attached to the fi nger ( P Յ 0.05, df Յ 11). Changes in S p o 2 between sea level and simulated altitude are shown in Fig. 1 .
Th e baseline S p o 2 during resting conditions at sea level was 97% (92 -99) and 99% (93 -100) measured at the index fi nger and at the forehead, respectively. Breathing 15% oxygen, 8/12 (fi nger oximeter) vs. 3/12 (forehead oximeter) subjects desaturated below 90% (nadir S p o 2 ) at some point in the seated position; 7/12 (fi nger oximeter) vs. 1/12 (forehead oximeter) in the supine position; 8/12 (fi nger oximeter) vs. 3/12 (forehead oximeter) in the standing position; 11/12 (fi nger oximeter) vs. 3/12 (forehead oximeter) while walking 3 km/h; and 9/11 (fi ngeroximeter) vs. 2/11 (forehead-oximeter) while walking 5 km/h ( Table II ) .
In 9/12 (fi nger oximeter) vs. 6/12 (forehead oximeter) patients S p o 2 decreased below 90% in one or more body positions at rest. S p o 2 felt below 90% during a median of 0.97% (0 -82.59) (fi nger oximeter) vs. 0% (0 -70.83) (forehead oximeter) of the total time patients were monitored at rest. In 3/12 (fi nger oximeter) vs. 1/12 (forehead oximeter) patients S p o 2 decreased below 85% in one or more body positions at rest. Median pulse oximeter saturation breathing 15% oxygen decreased in all body positions (seated, supine, standing) compared with room air ( P 5 0.0001). However, there was no signifi cant diff erence in pulse oximeter saturations between the diff erent body positions. During mild exercise breathing 15% oxygen the pulse oximeter saturations decreased signifi cantly ( P 5 0.001, F 5 14.537, df 5 1) compared to breathing 15% oxygen at rest. Th ere was no signifi cant diff erence between median S p o 2 walking 3 km/h and walking 5 km/h ( P 5 0.838, F 5 0.42, df 5 1; Table III ).
DISCUSSION
Th is present pilot study examined the feasibility of the HCT integrated with changing body positions and mild physical exercise for patients with congenital heart or lung disease. A total of 12 subjects were included: 7 patients with congenital heart disease and 5 patients with cystic fi brosis.
All study subjects, except one, successfully passed through the measurements and reported that the modifi ed HCT was feasible. One patient stopped the HCT protocol during walking 3 km/h because of a headache. Since 11/12 patients completely passed the test, it can be concluded that the HCT integrated with changing body positions and mild physical exercise is feasible (defi ned as a successful run through the measurements in 75% of the subjects) in children and adolescents with congenital heart and lung disease. We hypothesized that patients with congenital heart or lung disease were more vulnerable to hypoxemia at simulated altitude because their compensatory response to acute altitude is limited. Th ese patients may be not able to suffi ciently increase their minute ventilation or cardiac output. Cystic fibrosis patients are at risk for hypoxia due to a V/Q mismatch in the lungs. Patients with cyanotic congenital heart disease may have a reduced blood fl ow and poor oxygenation in peripheral tissue due to their reduced cardiac function, which can lead to stagnant hypoxia. Moreover, patients with congenital heart and lung disease may have a lower baseline P a o 2 because of their reduced lung function or due to a right-left shunt. Further decrease of P a o 2 at altitude can cause a dramatic fall in oxygen saturation (S a o 2 ) as the P a o 2 is on the steep part of the oxyhemoglobin dissociation curve. 8 On the other hand, most of these patients, because of their congenital condition, are adapted to chronic hypoxia and have developed other defense mechanisms such as erytrocytosis (more oxygen transport capacity), 12 pulmonary vasoconstriction (to redistribute pulmonary blood fl ow from regions of low P o 2 to high oxygen availability), increased levels of 2,3-diphosphoglycerate (shift ing the oxyhemoglobin dissociation curve to the right), and a blunted hypoxic ventilatory response (decreased ventilatory eff ort through improved oxygen usage in peripheral tissues).
14 Furthermore, we hypothesized that mild exercise at altitude would led to further desaturation in patients with congenital heart or lung disease. Patients with congenital heart and lung disease oft en have a reduced exercise tolerance compared to healthy subjects of the same age, possibly because of an altered hemodynamic and pulmonary response to exercise due to their underlying disease and, most importantly, because of their lower training status and condition due to their insecurity about which sport they can perform safely 15 . During modifi ed HCT S p o 2 and HR were monitored continuously and compared with the baseline values in resting conditions at sea level. During breathing 15% oxygen, S p o 2 decreased signifi cantly in comparison with breathing room air. Nadir S p o 2 below 90% appeared in several patients with congenital heart or lung disease at simulated altitude in resting conditions and during mild exercise. S p o 2 did not signifi cantly diff er while seated, lying supine, or standing, all at rest. However, patients desaturated signifi cantly more during mild exercise (walking 3km/h and 5 km/h). Th ree patients reported symptoms; two patients reported a headache; another patient reported dizziness. However, the observed values in the current study are even somewhat higher compared to those reported by Kobbernagel et al. in healthy children. 11 Th ey reported a median S p o 2 during walking at 3 and 5 km/h of 88%.
Only S p o 2 was measured in this pilot study. To fully evaluate the oxygenation status of these patients, blood gasses and hemoglobin levels should be determined. Pulse oximetry provides an estimate of arterial oxyhemoglobin saturation. In resting conditions pulse oximetry estimates S a o 2 , which is accurate during most of the measurements, with a diff erence of 6 3 -5% 16 . Most importantly, S p o 2 values can be interpreted as a trend which registers desaturation. In a follow-up study it is recommended to perform blood gas measurements and hemoblobin concentrations at rest and during simulated altitude.
Th e patients included in our study had relatively good baseline saturations at sea level: S p o 2 in resting conditions of 97% (92 -99) and 99% (93 -100) measured at the index fi nger and at the forehead, respectively. According to our results, previous studies examining cystic fi brosis patients at (simulated) altitude of 5000 -8000 ft (1524 -2438 m) reported that patients with cystic fi brosis desaturated signifi cantly and may become hypoxemic. 13 , 17 -21 Patients with more severe disease, and with FEV 1 values , 50% of predicted, were most at risk of hypoxemia. 13 , 17 , 19 Our current study included a patient with an FEV 1 Ն 70% of predicted and a relatively high baseline S p o 2 at sea level. Patients with more severe lung disease may tolerate the modifi ed HCT diff erently than our current study subjects. Moreover, discomfort or symptoms at (simulated) altitude were rarely reported in previous studies, 17 , 18 , 20 , 21 implying that hypoxemia is well tolerated by patients with cystic fi brosis. 17 , 18 , 20 , 21 Likewise, the included patients with congenital heart disease were patients with relatively high baseline saturations at sea level. Harinck et al. 11 examined patients with more severe cyanotic congenital heart disease (baseline saturations of 77 -99%) and most with irreversible pulmonary vascular disease. Th e patients were tested in a hypobaric chamber and during actual fl ight. Th ey reported a signifi cant decrease in S a o 2 , which was well tolerated; no symptoms were reported. It was concluded that air travel is safe for patients with cyanotic congenital heart disease, possibly because patients with congenital heart disease are well adapted to chronic hypoxia. 22 Despite most patients with congenital heart and lung disease tolerating altitude hypoxia, it is important to evaluate patients carefully. Some patients can benefi t from supplemental oxygen to avoid discomfort, symptoms, and unhealthy situations due to hypoxemia. 23 Th e previous studies mentioned above examined patients at (simulated) altitude in resting conditions. However, the possible eff ects of mild physical activity are also of interest. During long fl ight mild exercise, such as walking, is not uncommon and even advised to prevent deep vein thrombosis. 2 , 10 , 11 Th e present results suggest that mild exercise leads to further desaturations and an increased risk for hypoxemia at altitude. Th is was confi rmed by Fisher et al. 13 Th ey reported exercise induced hypoxemia at 8694 ft (2650 m; P o 2 , 6.6 kPa) in 67.5% of the patients during mild exercise (30 W) compared to 33.3% of the patients in resting conditions. 13 For this reason it is important to integrate mild exercise in fi tness to fl y testing of patients with congenital heart or lung disease.
Further research is necessarily to identify an appropriate cutoff value for HCT integrated with exercise in children and adolescents with congenital heart or lung disease below which supplemental in-fl ight oxygen is recommended. Th e current guidelines and cutoff values for in-fl ight oxygen are based on HCT in resting conditions. Re-evaluating the cutoff values is important because healthy children also desaturate during exercise at altitude. Th is was reported by Kobbernagel et al. 11 HCT integrated with exercise led to moments of desaturation below 90% at rest and during mild exercise. Th e cutoff value should discriminate between healthy children and children with congenital heart or lung disease, who may benefi t from in-fl ight supplemental oxygen. For this reason it is questionable whether the recommended cutoff value of 90% is appropriate.
Th e present pilot study used two pulse oximeters; one attached to the index fi nger and one at the forehead to register S p o 2 . Overall, the pulse oximeter attached to the forehead registered signifi cantly higher saturations (median and minimum values) than the pulse oximeter attached to the finger ( P Յ 0.05). Based on the current literature, a pulse oximeter attached to the forehead might be the most reliable measurement site for HCTs. Studies comparing the fi nger sensor with the forehead sensor reported that forehead sensors yield measurements more concordant with arterial blood, especially during movement and in cold due to vasoconstriction in the fi ngers 24 -26 . Further research could add more factors to pre-altitude testing. Th e current pilot study used the Hypoxico Everest Summit II Altitude Generator (BLM Altitude), which simulated an altitude of 8202 ft (2500 m) using a normobaric gas mixture of 15% oxygen in 85% nitrogen at rest and during mild exercise. However, the physiological response to normobaric hypoxia might be diff erent from hypobaric hypoxia and genuine high altitude. According to Boos et al., the physiological and cardiac response to exercise in hypobaric hypoxia, normobaric hypoxia, and genuine high altitude is notablely diff erent. Th ey reported that the degree of hypoxemia was greater in hypobaric hypoxia and at genuine high altitude in comparison with normobaric hypoxia 27 . Future studies should evaluate the results of hypoxic challenge tests in hypobaric environments.
Also, other factors can be important. For example, hypobaric hypoxia or low air humidity as is found in aircraft cabins or altitude environments, which can lead to mucosal irritation, or cold air in case of high mountain stays, or strenuous exercise in prealtitude testing for winter sports in the mountains.
Th e modifi ed HCT is safe and feasible in children and adolescents with congenital heart or lung disease and gives additional information about oxygenation during light to moderate physical activity in addition to resting conditions. Simulated hypoxia of 8202 ft (2500 m) induced a small but signifi cant decrease in S p o 2 % in children and adolescents with congenital heart or lung disease. Th ese values were not further lowered during mild to moderate exercise. Further research is necessary to improve prealtitude testing and to specify the guidelines and cutoff values which determine when supplemental oxygen is needed.
